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Nitrogen incorporates into Fe thin films during reactively sputtered TiN capping layer deposition.
The influence that this nitrogen incorporation has both on the structure and magnetic properties is
discussed for a series of Fe~001! thin films grown at different temperatures. A higher nitrogen
content is accompanied by distortion in the Fe lattice and by reduction in the Fe magnetization
saturation as well as in the effective anisotropy constant, K. The reduction of K brings as a
consequence lowering in the coercive field with respect to equivalent Fe films with no nitrogen
present. © 2001 American Institute of Physics. @DOI: 10.1063/1.1368398#I. INTRODUCTION
It is well known1–3 that incorporation of nitrogen into
the Fe lattice leads to the formation of iron nitrides, such as
Fe2N, e-Fe223N, g-austenite, g8-Fe4N, a8-martensite, and
a9-martensite (Fe16N2). In general, FexNy systems are inter-
esting from an applied point of view due to the giant mag-
netic moments reported in the literature4–6 and the presence
of perpendicular magnetic anisotropy7 found in the Fe16N2
~a9! system.
There have been several approaches to obtain a9 phase
in thin film form using different deposition methods such as
reactive sputtering deposition below 200 °C plus an anneal-
ing process,8 nitrogen ion implantation,9 molecular beam ep-
itaxy in a nitrogen ambient,10 and ion beam assisted deposi-
tion plus annealing.11 In this work, nitrogen is introduced
into the Fe lattice through exposure to an Ar1N2 plasma
present during the reactive deposition of the TiN capping
layer. The questions that are addressed in this work concern
how nitrogen enters the Fe layers and the effect it has on
fundamental magnetic magnitudes such as saturation magne-
tization and anisotropy constants. Whether nitrogen incorpo-
rates into the Fe lattice or at the grain boundaries conditions
interpretation of the observed changes in the physical prop-
erties. In the former case, a FexN12x compound would be
present in which the eventual electronic structural changes
would be driven by Fe–N orbital hybridization or even the
formation of a different Fe–N phase. In the latter case, the
system could be regarded as pure Fe with a distorted lattice,
and in that case the changes in the electronic structure would
a!Author to whom correspondence should be addressed; electronic mail:
menendez@imm.cnm.csic.es6310021-8979/2001/89(11)/6314/6/$18.00
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the body-centered-cubic ~bcc! lattice.
II. EXPERIMENT
In this work, the properties of a series of 200 Å bcc
Fe~001! films grown on MgO~001! will be described. Details
of the deposition process can be found in Ref. 12. Relevant
aspects are Fe growth temperature, which was varied be-
tween room temperature ~RT! and 700 °C in steps of 100 °C,
and the capping layer used, which was a 15 Å TiN film
reactively sputtered at RT ~plasma energy 100 V! using a
mixture of 70% Ar and 30% N2 , yielding a total pressure of
831024 mbar during cap deposition.
In situ structural characterization was done by reflection
high-energy electron diffraction ~RHEED!, while comple-
mentary measurements were performed ex situ by x-ray dif-
fraction ~XRD! and transmission electron microscopy
~TEM!. The composition of the different films was deter-
mined by depth profiling x-ray photoemission spectroscopy
~XPS!. Finally, determination of saturation magnetization
and magnetic anisotropy constants was done by a combina-
tion of vibrating sample magnetometry ~VSM!, supercon-
ducting quantum interference device ~SQUID!, and magneto-
optical torque13 ~MOT! measurements.
III. RESULTS AND DISCUSSION
It has been previously found12 that nitrogen incorporates
into the Fe lattice during reactive sputtering deposition of a
TiN capping layer. This nitrogen incorporation occurs during
the exposure of the Fe surface to an Ar1N2 plasma and it
gives rise to expansion in the Fe out-of-plane interplanar
distance. For example, structures grown under equivalent ex-4 © 2001 American Institute of Physics
o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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did not exhibit any relevant lattice distortion. As an example,
Fig. 1 shows XRD scans for two equivalent samples grown
at RT. The peak around 2u561° @Fig. 1~a!# is observed ei-
ther when the sample is exposed to an Ar1N2 plasma with
further deposition of a Pt or Ti capping layer or when a TiN
capping layer is grown reactively with the same gas mixture.
On the other hand, the peak around the bulk Fe value @Fig.
1~b!# is found when the sample is covered by either a Pt or a
Ti capping layer, but never exposed to an Ar1N2 plasma.
This clearly shows that nitrogen coming from the reactive
plasma leads to the observed distortion. In TiN capped
samples, this expansion depends on the Fe layer growth tem-
perature.
As mentioned before, a series of Fe samples, deposited
at temperatures ranging from RT to 700 °C, was grown to
study the effects that this nitrogen incorporation has on both
the structural and magnetic properties. For this series, the
well known epitaxial relation Fe@100#, ~001!//MgO@110#,
~001! was confirmed both by RHEED and XRD asymmetric
phi scans. The RHEED patterns indicate a gradual increase
of crystalline quality from RT to 700 °C deposition with
sharper, more intense diffraction bars for higher growth tem-
peratures. Quantitative structural characterization obtained
from XRD is shown in Fig. 2. Figure 2~a! shows in-plane
and out-of-plane lattice parameters experimentally deter-
mined by combined symmetric and asymmetric XRD mea-
surements. While in-plane parameters are equal to bulk val-
ues within experimental error, two clear regions can be
distinguished for the out-of-plane lattice constants. For low
growth temperatures ~i.e., between RT and 200 °C!, the in-
terplanar distances exhibit big expansions, which are be-
tween 5.8% for the RT sample and 4.8% for 200 °C growth
temperature. At 300 °C the Fe~200! diffraction splits into two
peaks, one corresponding to a higher degree of lattice expan-
sion ~about 4.3%! and the other to a lower one ~1.8%!. For
300 °C and higher growth temperatures, the expansion
slowly decreases, reaching almost zero for growth at 700 °C.
The expansion found in the out-of-plane lattice parameters
FIG. 1. Symmetric XRD scans for Fe samples grown at RT ~a! exposed and
~b! not exposed to an Ar1N2 plasma.Downloaded 11 Jun 2010 to 161.116.168.169. Redistribution subject taccompanied by bulk values for the in-plane lattice param-
eters is an unexpected result if elastic behavior happened.
According to elasticity theory, out-of-plane expansion should
be accompanied by in-plane contraction. In this system, the
free energy in the presence of in-plane biaxial stress, sx
5syÞ05sz , is given by
f 5 12c11~2exx2 1ezz2 !1c12~exx2 12exxezz!22sxexx , ~1!
where ci j are the elastic constants. This in-plane biaxial
strain leads to a strain tensor, e, of the film with the follow-
ing form:
e5e0S 1 0 00 1 0
0 0 22
c12
c11
D ’e0S 1 0 00 1 0
0 0 21.2
D , ~2!
where the elastic constants for a-Fe, c1152.4131011 N/m2
and c1251.4631011 N/m2 have been used. This result im-
plies that, according to the elastic theory, the expansion in
the film normal direction should be 20% larger than the in-
plane biaxial compression. This indicates that it is more
likely the formation of a FeN phase, rather than simply a Fe
distortion. The influence of interstitial nitrogen in strain has
been studied for Fe–N–Si sputter-deposited films,14 where it
FIG. 2. Structural parameters for several Fe thin films grown at different
temperatures: ~a! in-plane and out-of-plane lattice parameters ~the dotted
line corresponds to the bulk value!; ~b! perpendicular grain size ~closed
squares! and mosaic spread ~open diamonds! for the same set of samples.
The values of the grain size for an equivalent series with a Pt capping layer
are also indicated ~closed triangles!.o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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nent of the strain. N incorporates into the Fe lattice as an
interstitial during reactive ~Ar1N! plasma exposure along
TiN growth and causes tetragonal lattice distortion of the bcc
lattice in the perpendicular or growth direction only, since in
the ~001! plane the film is anchored to the substrate and is
not able to expand.
This transition temperature of 300 °C also manifests it-
self in other measured structural parameters, such as the per-
pendicular grain size @estimated from the Fe~200! peak
breadth using Scherrer’s formula# and mosaic spread. Figure
2~b! shows the dependence of these two parameters with
respect to the Fe growth temperature. The generally assumed
behavior in thin film growth is that higher growth tempera-
tures give rise to structures with both higher grain size and
interface coherence with the substrate, with this second ef-
fect producing a reduction in mosaic spread. Regarding the
grain size of the structures presented in this work, values of
around 80 Å are measured for RT and 100 °C growth tem-
peratures, diminishing while increasing the growth tempera-
ture and reaching a minimum of 45 Å at 300 °C. The grain
size then increases continuously with growth temperature,
reaching a maximum value of 120 Å for 700 °C. In parallel,
mosaic spread exhibits similar behavior, with minimum val-
ues ~higher crystalline quality! for low and high growth tem-
peratures, while higher mosaicity is obtained for intermedi-
ate growth temperatures ~1.65° for 400 °C!. The behavior
found here clearly does not follow the general rule previ-
ously described and besides it is, in principle, in contradic-
tion with the findings of a gradual increase of crystalline
quality with growth temperature by in situ RHEED pattern
inspection. To understand this apparent contradiction, it
should be kept in mind that the incorporation of nitrogen into
the Fe lattice takes place after deposition of Fe and cool
down to RT. A series of samples with a capping of Pt and no
exposure to N plasma was grown under equivalent condi-
tions to the ones with a capping of TiN. In this case, both the
in-plane and out-of-plane Fe lattice parameters are close to
the bulk value, independent of the growth temperature. The
Fe crystalline quality ~grain size! monotonously increases
with increasing Fe deposition temperature, ranging from 90
to 120 Å. These results are shown in Fig. 2~b! for compari-
son with those obtained for nitrided structures.
In the series with a TiN capping and deposition tempera-
tures above 400 °C, the Fe films are highly compact and the
incorporation of nitrogen is low, the distortion and the crys-
talline quality being almost unaffected. For deposition tem-
peratures below 300 °C, the Fe films are highly porous and
the incorporation of nitrogen is homogeneous, leading to a
high and homogeneous distortion. Because the nitridation is
homogeneous, the crystalline quality is not largely de-
creased. However, for 300 and 400 °C deposition tempera-
tures the incorporation of nitrogen is not homogeneous and
leads to two phases with different distortions. In this case,
the width of the XRD peaks is given by the fluctuations of
the local lattice parameter, i.e., the dimensions of the regions
with uniform distortion or a coherent lattice.
Additional structural information can be extracted from
TEM experiments performed on a TiN capped Fe film grownDownloaded 11 Jun 2010 to 161.116.168.169. Redistribution subject tat RT exhibiting large distortion from XRD characterization.
According to indexation of the spots in the selected area
diffraction pattern of Fig. 3~a!, the Fe adopts a bcc structure
with an orientation relationship MgO~001!@100#//
Fe~001!@110#, in agreement with RHEED and XRD observa-
tions. According to the bulk values aMgO54.21 Å and
aFe52.87 Å, and taking into account the fact that the planes
perpendicular to the interface are the (020)MgO and (1-10)Fe
planes, the corresponding nominal lattice mismatch is 3.7%.
As explained above, elasticity theory would conclude a re-
duction of the lattice parameter of Fe along the growth di-
rection if Fe had remained under tension on the MgO sub-
strate. The measurements of the lattice parameter from the
diffraction pattern of different samples grown at room tem-
perature yield values for aFe around 2.98 Å along the grown
direction, which is higher than the expected theoretical value
if the Fe were completely relaxed on the MgO. This higher
lattice parameter with respect to the bulk value indicates an
expansion of the Fe in the growth direction of 3.8%, in
agreement with the XRD results.
FIG. 3. TEM results for the Fe thin film grown at RT. ~a! Diffraction pattern
of the Fe–MgO interface region, obtained along the @100#MgO and @110#Fe
zone axes. ~b! Cross-sectional HRTEM micrograph of the whole
structure with the orientation relationship TiN~001!@100#//Fe~001!@110#//
MgO~001!@100#. The arrows denote the presence of dislocations at the in-
terface between Fe and MgO.o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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tron microscopy ~HRTEM! image of the same sample.
Otherwise, the Fe structure is quite homogeneous, with no
evidence of possible different FeN phases coexisting. The
arrows indicate the presence of dislocations at the interface
between the Fe and the MgO, allowing the Fe layer to relax.
The interfaces of Fe with TiN and MgO are very rough and
can be distinguished because of the contrast extinction of
planes (002)Fe whose interplanar distance (d (002)Fe51.43 Å)
is at the limit of the point resolution of the microscope.
Conversely, the (002)MgO , (020)MgO , and (110)Fe planes
~d (020)MgO52.1 Å; d (1-10)Fe52.02 Å! are clearly resolved.
Once the presence of nitrogen in the Fe lattice is clearly
concluded, the next important question concerns the amount
of N in the Fe layer and whether it is distributed homoge-
neously along the thickness of the film. In order to clarify
this point, XPS depth profiling experiments have been per-
formed in both distorted and undistorted samples, therefore
with higher and lower nitrogen contents, respectively, with
the results displayed in Fig. 4 for representative peaks. For
this specific experiment the thickness of the film with the
highest lattice distortion ~100 Å! is lower than the thickness
of the rest of the samples studied in this work ~200 Å!. No
difference in the distortion for 100 or 200 Å films grown
under the same conditions has been found, therefore a thick-
ness dependent strain can be ruled out. In both samples, the
Ti and N signals from the capping layer fall when the Fe
signal starts to increase. They coexist during a wide range in
depth due to interface roughness, as observed by TEM @Fig.
3~b!#, as well as to Ti and N implantation during the sputter-
ing etching process. The same effects hold for the Fe–MgO
interface. Regarding the nitrogen concentration in the Fe
layer, there are small differences between the distorted and
FIG. 4. XPS depth profiling for ~a! distorted and ~b! undistorted samples.Downloaded 11 Jun 2010 to 161.116.168.169. Redistribution subject tthe undistorted samples. While in the undistorted sample the
atomic concentrations of nitrogen and titanium are equal, in
the distorted sample the amount of nitrogen is always more
than the amount of titanium. This extra amount of nitrogen in
the distorted sample is present before the sputtering etching
process and is responsible for the observed lattice distortion.
A rough estimation of the extra amount of nitrogen in the
sample with the highest lattice distortion from the depth pro-
filing experiments leads to a 2% which is close to the reso-
lution of the technique. Vegard’s law is another way of esti-
mating the amount of nitrogen in the distorted films. In this
case, considering the lattice parameters for Fe and Fe16N2 ,
the expected amount of Fe for the film with the highest dis-
tortion should be around 5%. These values give an
idea of the error bar in the determination of the actual nitro-
gen content.
The next question that arises is the possible effect that
nitrogen incorporation can produce in the magnetic proper-
ties of Fe. As mentioned in Sec. I, the Fe–N system has been
thoroughly studied by the observation of giant magnetic mo-
ments connected to martensite structure formation.15 On the
other hand, and taking into account the positive magneto-
striction constant of Fe along the ~100! direction (21
31026),16 another effect that this vertical expansion would
produce is the appearance of perpendicular magnetic ani-
sotropy. The magnetic properties of these series of samples
have been studied by a combined use of VSM and SQUID,
for the determination of the hysteresis loops and Ms values,
and MOT for the quantification of the magnetic anisotropy
constants.
The hysteresis loops have been measured with the field
applied along three directions: two in plane along the @001#
and @011# Fe crystalline directions and one out of plane
along the ~001! direction. Despite the positive magnetostric-
tion value of Fe and the out-of-plane lattice expansion, no
indication of perpendicular magnetic anisotropy was de-
tected even for the most distorted sample. In Fig. 5~a! the
values of Ms for selected samples are shown. Measurements
were carried out at 10 K. To eliminate any kind of spurious
~diamagnetic or paramagnetic! contribution from the sub-
strate or capping layer, a 15 Å TiN~001! film was deposited
on an equivalent MgO~001! substrate to be used as a refer-
ence sample, with the contribution from the substrate and
capping layer subtracted. The error bars for the magnetiza-
tion value mainly come from determination of the thickness.
Other factors such as data treatment due to subtraction of the
contribution of the capping layer or the set-up error were
found to be negligible with respect to the thickness determi-
nation error. Since the unit cell volume is different from that
corresponding to the bulk due to distortion, the saturation
moment shown in Fig. 5~a! was corrected for volume effects.
The resulting saturation magnetization shows a decrease with
increasing distortion: Samples with high distortion, those
grown below 300 °C, have their saturation magnetization re-
duced up to 15%. The sample grown at 300 °C has larger
saturation magnetization, showing a decrease of 7% with re-
spect to the bulk value. Finally, when the distortion is low,
above 300 °C, the saturation magnetization of the films is
close to the Fe bulk value within experimental error. Takingo AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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of nitrogen entering the sample as discussed above, the de-
crease observed in the saturation magnetization can be di-
rectly related to hybridization effects between the nitrogen
and the Fe atoms in the Fe layer. Compared with the results
reported in the literature,15,17 this decrease in the saturation
magnetization is not surprising. For example, whenever the
a9-Fe16N2 structure is altered, either through stoichiometry
or through chemical disorder of the N atoms in the Fe16N2
structure, the saturation magnetization is reduced, below
even the bulk Fe value. In the Fe films reported in this work,
nitrogen incorporates into the Fe lattice from the reactive
plasma during deposition of the capping layer and no chemi-
cal order is obtained. In the present films several effects are
expected to contribute: on one hand, an increase in the mag-
netic moment due to the lattice expansion,18 on the other
hand, a reduction in the magnetic moment through Fe–N
hybridization in a chemically disordered structure.17 Since a
reduction in the magnetic moment of this series of films is
observed, hybridization effects are concluded to be domi-
nant.
With regard to the experimentally determined in-plane
effective magnetic anisotropy constant, K @Fig. 5~b!#, it ex-
hibits the same dependence with growth temperature as Ms .
Values close to the magnetocrystalline anisotropy constant
for bulk Fe are found in films grown at high temperatures. At
low growth temperatures there is a continuous reduction in K
of up to 46% for the RT sample with respect to the magne-
tocrystalline anisotropy constant for bulk Fe, that is, much
larger than the reduction observed in Ms for the same
sample. Nitrogen incorporation is one of the reasons for this
FIG. 5. ~a! Saturation magnetization and ~b! anisotropy constant for samples
grown at different temperatures.Downloaded 11 Jun 2010 to 161.116.168.169. Redistribution subject treduction since it leads to the mentioned Fe–N hybridization.
As mentioned in Ref. 19, the dominant contribution to the
magnetic anisotropy in the RT sample comes from the mag-
netocrystalline term. Therefore, any effect on the magneto-
crystalline term will affect the effective magnetic anisotropy
constant. Since the crystalline anisotropy is due mainly to
spin–orbit coupling and it can be reduced by nitrogen incor-
poration via Fe–N hybridization, it is reasonable to attribute
the observed reduction in K to the nitrogen in the Fe layer.
Other factors that do not affect Ms but that can modify the
experimentally measured effective magnetic anisotropy con-
stant are of morphological nature, such as grain size and
interface roughness. Nevertheless, quantification of these
factors is difficult to achieve with the information available.
Another relevant parameter, especially in order to determine
the phase of the FeN, is the coercive field. In these films, the
coercive field increases with increasing deposition tempera-
ture ~not shown here!, but the same effect was observed in an
equivalent series grown without N, which indicates that the
evolution is related more to the morphology than to the FeN
phases that could have been formed.
IV. CONCLUSIONS
Growth of TiN by reactive sputtering on Fe produces
high distortion on the out-of-plane interplanar distances of
up to 6% for Fe films grown at RT as observed by TEM and
XRD due to inclusion of nitrogen in the Fe layer. The
amount of nitrogen in the most distorted sample is estimated
to be 2% according to XPS. With regard to the magnetic
properties, no perpendicular anisotropy has been found de-
spite the positive magnetostriction and it has been shown that
nitrogen incorporation into the Fe lattice induces a reduction
both in Ms and in K. In both cases, this reduction is due to
Fe–N orbital hybridization.
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